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-----------------------------------------------Referee #1
In this paper, the authors mapped, at the genome-wide level, the positions of nucleosomes in mitosis and meiosis, and Orc1/4 during mitosis. Based on their data and DSB sites reported by Hyppa et al., they claim that DSB sites colocalize with "nucleosome-depleted regions (NDRs)". Their data suggest that most of DSB sites reside in constitutive NDRs, and the authors also demonstrate that creation of NDRs by transcriptional modulation can lead to DSB formation at otherwise DSB-cold sites. The authors propose that NDRs are the only characteristic common to all meiotic recombination hotspot. They also show that ORI do not colocalize with NDRs, but with regions with elevated content of A+T.
One of the most exciting findings in this report is 95% of DSB sites coincide with NDRs. Although this paper is the first to experimentally show DSB-NDR correlation in the whole S.pombe genome, such correlation is not highly surprising, since similar findings using other organisms have been already published. Therefore, I feel additional analyses or arguments would improve the value of this paper. In addition, several points remain to be addressed carefully to draw conclusions. In particular, the authors need to present and describe the analyzed data in a more compelling way.
Major points 1. The authors must provide more detailed information about the definition of "DSB sites". For example, in Figure 2A , how many DSB sites are existing between dis1 and SPCC594.01? Also, how broad are the DSB sites? If the authors defined one DSB site in Figure 2A , is that the entire 10kb region (the brown bars region), or a narrower region around the highest peak (2kb regions encompassing the peak)? 4. Lantermann et al. already reported that high efficiency replication origins are significantly devoid of nucleosomes. The authors need to discuss this point.
5. Nucleosome positions in the ura4+ inserted at mbs1 should be shown in Figr4D. The rationale for this suggestion may be as follows; since ura4+ is known to create a new recombination hotspot when it is inserted at another locus (called ura4A), it may be possible that ura4+ at mbs1 has NDR(s) that is not proficient at DSB formation.
6. The authors pointed out that the relative DSB positions around inserted R3 and C5 are similar, regardless of the targeted loci; mbs1 in Figure 5A and ChrIII in Figure 5B . However, there are two DSB signals in mbs1 (Figure4D) and one in Chr.III ( Figure 5C ). The authors need to clarify this point.
7. R3 and C5 fragments do not generate DSBs at their endogeneous loci, but do at etopic sites ( Figures 4D and 5D ). The authors explain that this may be due to "the transcription factors driving the expression of the adjacent genes" (p.13 l.11).
Considering that NDRs and DSBs within these fragments are located more than 1kb away from the neighboring genes (SPAC4G8.03c and SPAC4G8.04 in Figure 4C , and ura4 and C330.03c in Figure  6C ), it is hard to imagine that transcription factors are involved in this DSB formation. Could the authors provide more compelling evidence for this mechanism?
Minor points 1. The authors should indicate the quality of prepared mononucleosomal DNA.
2. The authors should provide more information on the procedures for the experiment of thiamine addition (shown in Figure 7A ). Showing the timings of treatments such as thiamine addition or medium change in a schematic drawing would be helpful. Figure 4A , 4B, and the top 4 panels of 4D constitutes one figure, and Figure 4C , the bottom 4 panels of 4D, and Figure 5A constitute another figure.
Referee #2
The paper by Castro et al focused on genome-wide localizations of DNA replication origins and meiotic recombination hotspots, both lack consensus sequences in fission yeast. Both replication origins and meiotic double strand breaks (DSBs) colocalized in relatively large intergenic regions.
However, more precise genome-wide analysis revealed that DSBs colocalize with nucleosomedepleted regions (NDRs). On the other hand, replication origins do not colocalize with NDRs. The authors suggest that NDRs are prerequisite for DSB formation, but they are not sufficient. The authors effectively combined bioinformatics approaches and chromosome manipulation to demonstrate the correlation of recombination hotspots on NDRs. Although it is still not clear what is required in addition to nucleosome depletion, I think the paper has a general importance to our knowledge for understanding of the relation between the important biological reactions such as replication and recombination with genome organization. The following comments and questions might be considered for improvement of the paper. Referee #3
In the early stages of meiotic prophase, DNA replication and recombination occur in quick succession, and both processes are initiated in a probabilistic manner at specific sites along chromosomes. In this study, the authors show that in S. pombe, replication origins and DSB hotspots are often present in the same intergenic regions but are governed by different nucleosomal determinants and appear to function largely independently of each other.
The manuscript is very well written and provides substantial new insights into the genomic determinants of meiotic DSB distribution in S. pombe. The findings point to conserved regulation at least between yeasts, and a series of elegant transposition experiments strongly support the modularity of origins and DSB hotspots in S. pombe. A few minor points could be addressed to further strengthen this manuscript.
1) The authors may want to consider using "nucleosomal organization" instead of "chromatin organization" in the title because the term "chromatin" (in particular in more recent publications) tends to imply histone modifications. Avoiding the use of "chromatin" could help distinguish nucleosome-positioning effects from histone modifications, which can also affect the activity of origins and DSB hotspots.
2) The data presented in Figure 1 shows several ORIs and hotspots share the same intergenic regions, and the authors suggest that this may be a common feature. However, why was this coincident distribution not observed in the published genome-wide datasets (comparing Hayashi, Cromie, and Segurado datasets)? This should be addressed. For example, is this co-incidence apparent when the Orc1 and Orc4 ChIP-chip data presented in this manuscript is compared to the Cromie DSB data set? Also, why are all genome-wide replication datasets from mitotic cells? Perhaps the failure to observe overlapping distributions is a result of the different (mitotic vs. meiotic) cell states. A ChIP-chip analysis of meiotic Orc1/Orc4 distribution should clarify this. Given all the available genome-wide data, the statistical analysis of the observations in Figure 1 appears weak despite its apparent significance in a Chi-square test. It could very well be that choosing a handful of strong hotspots for this analysis created the observed bias. (Side note: it is unclear from the manuscript how significance for the Chi-square analysis was determined -was the expected independent distribution restricted to IGRs, and was the size of the IGRs taken into account? This should be clarified in the methods section.)
3) Page 8: the observation that DSBs preferentially map to long IGRs is not new and has been extensively documented by the lab of Gerry Smith (and indeed the authors here use the Smith lab data for their analysis). To present this finding as a "conclusion" (line 4) does not give sufficient credit to earlier work done on this topic. The authors should modify the relevant passages in the manuscript. Figure 5 : the schematic in panel 5A does not appear relevant for this figure and may be more suitably used in the form of an explanatory panel for Figure 4D . Figure 2A , is that the entire 10kb region (the brown bars region), or a narrower region around the highest peak (2kb regions encompassing the peak)?
4) It is suggested that clusters of NDRs in large
The size of DSB regions can be estimated by Southern hybridization and often extend along 1-2 kb and may include sites of preferential cleavage. For example, DSBs in the mbs1 locus in S. pombe span a 2.1 kb region that includes four clusters of sites of enhanced breakage (Cromie et al. 2005 ; illustrated in Figure  3A ). In the revised Introduction, we have briefly described the detection and sizing of DSBs regions in the genome (page 3, lines [16] [17] [18] [19] [20] [21] [22] The panel in Figure 2A has been replaced in the revised version by the previous panel 2B. The reason is that Reviewer 3 (point 5) suggested that data for the Orc1/Orc4 ChIP/Chip analyses should be included and the region in the previous Figure 2A did not include any Orc1/Orc4 binding sites. However, a region of Rec12 binding of similar length is shown in Figure 2A in the revised version. The relatively wide peaks of Rec12 binding probably result from the combination of the scattering of DSBs (and hence of Rec12) discussed above plus the 0.5-1.0 kb size of the sonicated chromatin fragments used for immunoprecipitation. An additional factor is that we have represented the Rec12 data (taken from Hyppa et al. 2008) without using any threshold to remove low signal levels. This is now explained on page 8, lines [18] [19] [20] [21] [22] [23] A diagrammatic representation of the data concerning the genomic distribution of IGRs, NDRs and DSBs indicated in Table I 
Nucleosome positions in the ura4+ inserted at mbs1 should be shown in Figr4D. The rationale for this suggestion may be as follows; since ura4+ is known to create a new recombination hotspot when it is inserted at another locus (called ura4A), it may be possible that ura4+ at mbs1 has NDR(s) that is not proficient at DSB formation.
This is a good control and, following the suggestion of the Reviewer, we have analyzed the sensitivity to micrococcal nuclease of the mbs1 locus before and after the insertion of ura4. The results are shown in the new Figure 5 and described on page 12, lines 20-26 and on page, 13 lines 1-7. They indicate that insertion of ura4 completely abolishes the hypersensitivity to MNase. These new data reinforce the close association between DSBs and NDRs. Figure 5A and ChrIII in Figure 5B . However, there are two DSB signals in mbs1 (Figure4D) and one in Chr.III ( Figure 5C ). The authors need to clarify this point.
The authors pointed out that the relative DSB positions around inserted R3 and C5 are similar, regardless of the targeted loci; mbs1 in
We apologize for the inconsistency in the representation of DSBs in both Figures. The arrows were meant to indicate the boundaries of the DSB regions but the small size of the final figure made it confusing. We have replaced the arrows by brackets in Figures 3, 4 and 6. In addition, in the new Supplementary Figure 6 (cited on page 13, lines 20-22) we show the autoradiographs of the DSB regions generated by R3 and C5 in mbs1 and in Chr III at a larger size together with size markers to show directly that the size of the DSB regions generated are comparable in the two ectopic localizations. This new figure also contributes to clarifying how the size of DSB regions was estimated, as requested in point 1. Figure 4C , and ura4 and C330.03c in Figure 6C) 
R3 and C5 fragments do not generate DSBs at their endogeneous loci, but do at etopic sites (Figures 4D and 5D). The authors explain that this may be due to "the transcription factors driving the expression of the adjacent genes" (p.13 l.11). Considering that NDRs and DSBs within these fragments are located more than 1 kb away from the neighboring genes (SPAC4G8.03c and SPAC4G8.04 in

, it is hard to imagine that transcription factors are involved in this DSB formation. Could the authors provide more compelling evidence for this mechanism?
Our comment referred to the possibility that the chromatin context generated by the transcription of the adjacent genes could contribute to the generation of DSBs. Very recent work has unveiled the enormous complexity in the contribution of different proteins (transcription factors and chromatin remodellers) and epigenetic determinants to the generation and maintenance of specific NDRs (Bai et al. 2011 Cell 42, 465; Garcia et al. 2010 Genes Dev 24, 1758 . Based on those studies, we have elaborated a bit more (page 14 lines 21-26 and page 15, lines 1-6) on how the two recipient ectopic regions might provide a more favorable context for the generation of DSBs from the NDRs of R3 and C5.
Minor points 1. The authors should indicate the quality of prepared mononucleosomal DNA.
We show in the new Supplementary Figure 5 (cited on page 7, line 7) the chromatin digestion profile generated by micrococcal nuclease and the quality of the mononucleosomal DNA used for the microarray hybridization. In the same Figure we have also included an example of the profile of micrococcal nuclease digestion of chromatin prior to its transference to a membrane for Southern hybridization. Figure 7A )
The authors should provide more information on the procedures for the experiment of thiamine addition (shown in
. Showing the timings of treatments such as thiamine addition or medium change in a schematic drawing would be helpful.
A detailed description of the thiamine and oxidative stress experiments has been included in Materials and Methods (page 22, first paragraph). We believe that this provided enough detail of the timings of treatments to be duplicated by other authors without the need of another Supplementary Figure. Figure 4A , 4B, and the top 4 panels of 4D constitutes one figure, and Figure 4C , the bottom 4 panels of 4D, and Figure 5A constitute another figure.
Compositions of Figures 4 and 5 should be reconsidered. For example,
We agree that this reorganization would result in a clearer presentation of the data. Reviewer 3 (point 5) also suggested that Figures 4 and 5 could be reorganized. Figures 4 and 6 now include the data of the insertion of R3 and C5 into mbs1 and into chromosome III, respectively.
Referee #2
The paper by Castro et al focused on genome-wide localizations of DNA replication origins and meiotic recombination hotspots, both lack consensus sequences in fission yeast. Both replication origins and meiotic double strand breaks (DSBs) colocalized in relatively large intergenic regions. However, more precise genome-wide analysis revealed that DSBs colocalize with nucleosome-depleted regions (NDRs). On the other hand, replication origins do not colocalize with NDRs. The authors suggest that NDRs are prerequisite for DSB formation, but they are not sufficient. The authors effectively combined bioinformatics approaches and chromosome manipulation to demonstrate the correlation of recombination hotspots on NDRs. Although it is still not clear what is required in addition to nucleosome depletion, I think the paper has a general importance to our knowledge for understanding of the relation between the important biological reactions such as replication and recombination with genome organization. The following comments and questions might be considered for improvement of the paper.
Comments and questions
It is quite interesting that DSBs are formed near the R3 and C5 fragments at three different ectopic loci, although DSB was not observed at their endogenous loci. Is there any difference in chromatin configuration or gene expression between the endogenous and ectopic sites?
The expression of the genes flanking the endogenous mbs1, R3 and C5 loci and those flanking the region of insertion in chromosome 3 are expressed at similar levels during meiosis, as shown in the genomic browser associated with this work. This suggests that the induction of ectopic DSBs by R3 and C5 is unlikely to be due to differences in the rate of transcription of adjacent genes. This is consistent with previous reports in S. cerevisiae and S. pombe indicating that there is no correlation between the recombination and transcription rates.
As regards chromatin configuration, the endogenous R3 and C5 regions span 1.5 and 1.9 kb, respectively, between their flanking genes, which show a high nucleosome occupancy. By contrast, R3 and C5 are flanked by wider intergenic regions when inserted into mbs1 (compare Figures 4A and 4B ) and in chromosome III ( Figure 6A ). It is possible that a lower nucleosome occupancy of these regions might contribute to the generation of DSBs overlapping the R3 and C5 NDRs, which are maintained in the ectopic position (Figure 7) . These points are discussed on page 14, lines 21-26 and on page 15, lines 1-6.
Is it possible to determine the region of R3 or C5 required for DSB formation at ectopic sites, by introducing truncated R3 or C5 fragments?
An article published while this manuscript was under review has described the sequence elements required to generate the NDR associated with the CLN2 promoter in S. cerevisiae (Bai et al. 2011 Cell 42, 465) . The results show that the NDR results from the partial and redundant contribution of at least eight potential factor binding sites, some of which are identified in that work. We cite this work on page 20, line 21. This extraordinary degree of complexity reveals that identifying the determinants of a single NDR requires a full-length work that, although very interesting, we believe is beyond the scope of this manuscript.
As a reciprocal experiment for translocation of R3 or C5 fragment into the mbs1 locus, does insertion of the mbs1 intergenic fragment into the endogenous R3 or C5 locus cause DSBs or not?
The suggested experiment would address the question of whether a locus harboring DSBs associated with a prominent NDR would maintain its activity in an ectopic position and we believe that it would be more appropriate for defining how the chromatin context facilitates or prevents the generation of DSBs. However, in this work we have focused more on the relevance of NDRs in the generation of DSBs and our results have been further reinforced by the new experiments in Figure 5 showing that the abolition of DSBs at mbs1 is associated with the removal of the NDR.
Previous experiments in S. pombe have addressed a similar issue by testing the activity of the M26 recombination hotspot at ectopic loci in the genome and showed positive or negative results, depending on the chromosomal context (Ponticelli and Smith, 1992; Virgin and Bailey, 1998) . It is likely that similar results would be obtained after the translocation of mbs1. For these reasons, we would prefer to refer to previous results on M26 (commented on page 5, lines 1-2) and not duplicate these experiments with mbs1. We believe that whatever the result of the experiment, although interesting, it would not affect the conclusions of the work. Table 1 To our knowledge, long-range chromosome domains have not been described in S. pombe. However, the distribution of DSBs along the chromosomes is a relevant point that was not discussed in the previous version of the manuscript. In the original genomic mapping of Rec12, Cromie et al. (2007) , did not detect any apparent bias or clustering of DSBs. Using their data, we have found that the distribution of distances between Rec12 sites along the chromosomes is fit by an exponential function, suggesting a non-biased distribution. These data are shown in the Supplementary Figure 8 and are discussed on page 19, lines 9-14.
The authors show in
Non-coding RNAs and intergenic RNA are frequently located in large intergenic regions in fission yeast.
NDRs may overlap the 5' end of efficiently transcribed ncRNAs. Authors may include locations of ncRNAs in figures.
We have included the position of ncRNAs in Figures 2 and 3 according to the coordinates available at www.pombase.org. No ncRNAs were detected along the R3 and C5 regions in Figure 4 . We refer to these data on page 8, line 14. 6. Page 14, We agree that it was not possible to visualize directly the size and position of the DSB regions shown in 
Referee #3
The manuscript is very well written and provides substantial new insights into the genomic determinants of meiotic DSB distribution in S. pombe. The findings point to conserved regulation at least between yeasts, and a series of elegant transposition experiments strongly support the modularity of origins and DSB hotspots in S. pombe. A few minor points could be addressed to further strengthen this manuscript.
1) The authors may want to consider using "nucleosomal organization" instead of "chromatin organization" in the title because the term "chromatin" (in particular in more recent publications) tends to imply histone modifications. Avoiding the use of "chromatin" could help distinguish nucleosomepositioning effects from histone modifications, which can also affect the activity of origins and DSB hotspots.
We agree that "nucleosomal organization" defines the scope of our study more precisely and we have changed the title, as suggested by the Reviewer.
2) The data presented in Figure 1 Previous genome-wide localization studies of Rec12 binding by Cromie et al. (2007) and Ludin et al. (2008) used the map of origins generated by Heichinger et al. (2006) . The average probe density of the microarrays they used was about 1 probe/kb and this resulted in a relatively low-resolution map of the origins. The origin maps of Segurado et al. (2003) and Hayashi et al. (2007) are of higher resolution and, to our knowledge, a comparison between the three datasets has not been published. Such a comparison shows that approximately 20 % of all origins share the same intergenic region with 30% of sites of Rec12. These data agree closely with the new estimate of our work, where 25.3 % of Orc1/Orc4 binding sites colocalize with 37 % of the Rec12 sites described by Hyppa et al. (2008) . These points are commented on page 10, lines 3-8. This is an important point because we are comparing the binding of Rec12 during meiosis with the distribution of mitotic origins. To our knowledge, the only genome-wide map of meiotic origins in S. pombe was described by Heichinger et al. (2006) . Despite the limitation in its resolution discussed above, those authors reported that the activity profile of mitotic and meiotic origins was similar. We have addressed this point using a different approach by comparing the efficiency of the 8 meiotic origins in Figure 1C with their activity during mitosis as measured by two-dimensional gel electrophoresis. The results in the new Supplementary Figure 3 show that the efficiency of the origins tested is virtually identical in both cases. These results are commented on page 9, lines 17-24. Given all the available genome-wide data, the statistical analysis of the observations in Figure 1 We describe in more detail the data used for the Chi-square tests of the association between Rec12 and NDRs and those between Orc1/Orc4 and Rec12 on pages 7, lines 24-25, on page 10, lines 3-8 and in the Materials and Methods section.
A new Supplementary
3) Page 8: the observation that DSBs preferentially map to long IGRs is not new and has been extensively documented by the lab of Gerry Smith (and indeed the authors here use the Smith lab data for their analysis). To present this finding as a "conclusion" (line 4) does not give sufficient credit to earlier work done on this topic. The authors should modify the relevant passages in the manuscript.
The work of Dr. Gerald Smith's group has been essential for this work, as evidenced by the multiple citations in the text to 11 articles from his laboratory. Without his very precise mapping of Rec12, this work would not have been possible. Nothing was as far from our intention as to diminish the relevance of the work of his laboratory and we apologize for the innappropriate phrasing, which we have amended in the revised manuscript (page 8, lines 5-7). We have not detected a correlation between the binding efficiency of Rec12 and the number of NDRs in an IGR. For example, Rec12 binds with comparable efficiency to a large IGRs harboring several NDRs and to a shorter IGR harboring only one NDR (Figure 2A and 2C) . In some cases, however, where several NDRs cluster along large IGRs, the binding profile of Rec12 also spans the entire IGR, probably due to the combined contribution of each NDR. This point is commented on page 8, lines 18-23. As suggested, we have included the distribution of Orc1/Orc4 in Figures 2 and 3 . We have not included this information in Figure 4 because there was no detectable binding of Orc1/Orc4 to the R3 and C5 regions. Data for the entire genome are available through the genome browser linked to this manuscript. Figure 5 : the schematic in panel 5A does not appear relevant for this figure and may be more suitably
4) It is suggested that clusters of NDRs in large
6)
